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Actin Depolymerization in
Dedifferentiated Liver Sinusoidal
Endothelial Cells Promotes Fenestrae

Re-Formation

Julie Di Martino, * Patrice Mascalchi,>>* Philippe Legros,4 Sabrina Lacomme,>” Etienne Gontier, Paulette Bioulac—Sage,1

Charles Balabaud,! Violaine Moreau,"? and Frédéric Saltel"?

Liver sinusoidal endothelial cells (LSECs) possess fenestrae, which are key for the exchange between blood and
hepatocytes. Alterations in their number or diameter have important implications for hepatic function in liver dis-
eases. They are lost early in the development of hepatic fibrosis through a process called capillarization. In this
study, we aimed to demonstrate whether in vitro dedifferentiated LSECs that have lost fenestrae are able to re-form
these structures. Using stimulated emission depletion super-resolution microscopy in combination with transmission
electron microscopy, we analyzed fenestrae formation in a model mimicking the capillarization process in witro.
Actin is known to be involved in fenestrae regulation in differentiated LSECs. Using cytochalasin D, an actin-de-
polymerizing agent, we demonstrated that dedifferentiated LSECs remain capable of forming fenestrae. Conclusion:
We provide a new insight into the complex role of actin in fenestrae formation and in the control of their size and
show that LSEC fenestrae re-formation is possible, suggesting that this process could be used during fibrosis regres-
sion to try to restore exchanges and hepatocyte functions. (Hepatology Communications 2019;3:213-219).

he liver plays crucial roles for body homeo-
stasis related to metabolism, immunity, and
detoxification, to name a few. To fully han-
dle these functions, the liver is highly vascularized.
Indeed, the rich microvasculature ensures effective
exchange with the circulating blood. Sinusoids devoid
of basement membrane are present between each
hepatocyte plate. Liver sinusoidal endothelial cells

(LSECs) that compose this endothelium present with
specific features. They possess small transcellular
pores called fenestrae,(l) which form a direct connec-
tion between the blood circulation and hepatocytes
to improve exchange. Fenestrae are approximately
50 to 200 nm in diameter and are organized in sieve
plates.”) In the past, they were studied using elec-
tron microscopy; however, they are increasingly being

Abbreviations: cyto D, cytochalasin D; LSEC, liver sinusoidal endothelial cell; PBS, phosphate-buffered saline; STED, stimulated emission

depletion; TEM, transmission electron microscopy.
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observed and analyzed using optical super-resolution
or atomic force m'1(:1roscopy.(3'7 Recently, we estab-
lished a simple approach to visualize and analyze
LSEC fenestrac® using stimulated emission deple-
tion (STED) microscopy.

LSECs are key cells in the hepatic fibrosis initia-
tion process, regression of hepatic fibrosis, and liver
regeneration.” ™ At the beginning of the fibrosis
process, capillarization occurs corresponding to the
loss of fenestrae and the basement membrane sur-
rounding the capillaries appears due to the accumu-
lation of extracellular matrix deposition."? To study
tenestrae in vitro, we used primary LSECs isolated
from mouse liver because no other cell type presents
with these structures iz vitro. In cell culture, LSECs
dedifferentiate and lose their fenestrae, mimicking
a capillarization-like process.’ Moreover, LSEC
tenestrae diameter and number vary with drug treat-
ments or environmental conditions, such as tem-
perature, hypoxia, calcium flow, and pressure.1¥
Actin-targeting drugs, such as cytochalasin D (cyto
D), latrunculin A, and jasplakinolide, have been
reported to increase their number in differentiated
cells while simultaneously decreasing the diameter
(1517 Cyto D, an actin depolymeriz-
ing agent, is a cell-permeable fungal toxin that binds
the barbed end of the actin filament, inhibiting the
association and dissociation of G-actin subunits. The
cytochalasin family is composed of eight members
(A to ]), and their efficiency to block actin filament
elongation is variable. For example, some studies
show that cyto D effects are progressive in cell culture
compared to the transient impact of latrunculin B.1%
Latrunculins are another family of toxins targeting
actin; they are extracted from sponges and bind actin
monomers, preventing actin polymerization. Several

of the fenestrae.

other actin toxins have been used on LSEC fenestrae.
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In this study, we used cyto D to test the ability of
dedifferentiated LSECs to re-form fenestrae.

Materials and Methods

LSEC ISOLATION AND CULTURE
LSECs were isolated from U.S. Naval Medical

Research Institute male mice aged >15 weeks. Livers
of two mice were excised for each experiment, per-
fused with Liberase DH (70 pg/mL final; Roche)
and cut into pieces. A total of 40 mice were used
for this work (20 experiments). After 20 minutes of
digestion at 37°C, the lysate was ground in succes-
sive filters (100 pm, followed by 40 pm pores; BD
Biosciences), rinsed 3 times in phosphate-buffered
saline (PBS), and centrifuged at 300g for 10 min-
utes without breaks. The pellet was resuspended in
Roswell Park Memorial Institute medium (GIBCO),
deposited on a Percoll gradient (top stage: 22.5%
Percoll, 2.5% PBS 10X, 0.025% HC1 0.1 M in PBS
1X; bottom stage: 45% Percoll, 5% PBS 10X, 0.05%
HC1 0.1 M in PBS 1X), and centrifuged at 1,500g
for 20 minutes without breaks. The cells were with-
drawn from the gradient interface, and LSECs were
purified by differential adhesion of Kupffer cells in
a plastic dish. Cells freshly isolated were spread in
complete endothelial basal medium (EBM-2; Lonza
CC3156) supplemented with endothelial growth
medium (EGM-2 SingleQuots; Lonza CC-4176)
and 1% penicillin-streptomycin (Gibco) on cover
slips precoated with filtered 2% fetal bovine
serum in 1X PBS. LSECs were treated with cyto D
(Sigma-Aldrich) at a concentration of 2 uM for 30
minutes. Dimethyl sulfoxide alone was used as the
vehicle control.
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STAINING

After cell washing with PBS (37°C), LSECs were
treated with CellMask Orange (Molecular Probes,
Invitrogen) for 5 to 10 minutes according to the
manufacturer’s recommendations. After washing,
LSECs were fixed using paraformaldehyde (Delta
Microscopies) and stained using phalloidin Atto 647N
as described."” Tubulin staining was performed using
an anti-a-tubulin antibody (mouse, B-5-1-2; Santa

Cruz Biotechnology) and an anti-mouse secondary
antibody (FluoProbes 488; Interchim).

MICROSCOPY

Confocal microscopy, transmission electron micros-
copy (TEM), and scanning electron microscopy
(SEM) (see Supporting Experimental Procedures)
were conducted at the Bordeaux Imaging Center,
Bordeaux University, a core facility of the French net-
work France-Biolmaging.

STED Microscopy

Super-resolution imaging of fixed cells was car-
ried out using STED microscopy with CellMask
Orange and phalloidin-Atto 647N for actin stain-
ing (Thermo Fisher Scientific). The sample was
imaged with an inverted Leica SP8 STED micro-
scope equipped with an oil immersion objective
(Plan Apo 100x NA 1.4), white light laser 2, and
internal hybrid detectors. A 660-nm continuous
wavelength laser (22 MW/cm?, measured at the
output of the objective) was used for the deple-
tion of CellMask Orange, whereas Atto 647N was
depleted with a 775-nm pulsed laser (19 MW/cm?,
80 MHz frequency, approximately 600-picosecond
pulse length). With these settings, lateral resolutions
of 70 to 80 nm could be reached for both acqui-
sition channels. Excitation laser lines were 560 nm
and 647 nm, respectively. For image acquisition, we
used the following parameters: 20 nm pixel size; 6
times average per line; 200 Hz scan speed.

IMAGE PROCESSING AND
ANALYSIS

STED images acquired from fixed cells were
denoised using PureDenoise plugin (Biomedical

Imaging Group, Ecole Polytechnique Fédérale de
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Lausanne, Lausanne, Switzerland) in Image] software
(U.S. National Institutes of Health, Bethesda, MD),
tollowed by a Richardson-Lucy deconvolution pro-
vided by a DeconvolutionLab2 plugin (10 iterations;
synthetic point spread function with pupil units of
10, all other parameters as default). Confocal images
were processed with two passes of convolve plugin in
Image] using a 3 x 3 kernel (111,1101,11 1).
For visualization purposes only, we loaded images in
Image] software and applied a gamma correction of 0.7
for confocal fixed-cell STED. For contour detection
of fenestrae, STED raw images were denoised using
Huygens Professional (Scientific Volume Imaging,
the Netherlands) Classical Maximum Likelihood
Estimation deconvolution algorithm with three itera-
tions and a signal-to-noise ratio of 1:2. Quantification
of fenestrae size was then performed using an Image]
macro to semi-automatically retrieve individual con-
tour and mean diameter. Briefly, a first threshold was
manually set to discard large dark features from fenes-
trae detection, e.g., background region when one edge
of the cell can be seen. Second, a local minimum plugin
(Find Maxima, set with light background) was used to
identify the center of each fenestra. From this selec-
tion, the contour was determined using the Image]
active contour method plugin (Level Set). An auto-
mated loop incrementing sensitivity of this tool was
used to define the optimal contour result comparing
the inner/outer mean intensity ratio. Area measure-
ment was transformed as the final average diameter,
assuming a circular shape formula. All results were
displayed as graphs created with GraphPad Prism
(GraphPad Software, San Diego, CA), and statistical

tests were generated using the same software.

Results

DE NOVO FENESTRAE FORMATION
IN DEDIFFERENTIATED

LSECS FOLLOWING ACTIN
DEPOLYMERIZATION

LSEC:s freshly isolated from mouse liver presented
fenestrae organized in sieve plates 1 day after isolation.
As described,"® LSECs in vitro promptly dedifferen-
tiated and lost their fenestrae. This loss was monitored
using STED microscopy in cultured cells. Six days

after isolation, we observed that cells dedifferentiated
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without fenestrae in their membranes (Fig. 1A). This
tenestrae loss is reminiscent of what occurs in the cap-
illarization process during fibrotic disorder. Therefore,
we used this model to test the reversibility of fenes-
trae loss. After 6 days of dedifferentiation in culture,
LSECs were more spread out. Quantification of the
cell area showed a 2-fold increase on day 6 after
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isolation (Supporting Fig. S1). Actin has historically
been known to regulate fenestrae number and size.
Hence, we decided to treat dedifferentiated LSECs
with an actin-depolymerizing agent. Because cyto D
treatment allows formation of new fenestrae in differ-
entiated LSECs, we hypothesized that it could induce
tenestrae re-formation in dedifferentiated LSECs
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FIG. 1. Cyto D treatment allows fenestrae formation in dedifferentiated LSECs. (A) Confocal and STED images of LSEC on
days 1 and 6 stained with CellMask and treated or not with cyto D. For each condition, we show a representative confocal image of
cells at low magnification (left) and a STED image of fenestrae at high magnification (right). Scale bars represent 10 pm and 1 pm,
respectively. (B) Quantification of fenestrae size distribution with day 1/day 6 + cyto D or without cyto D treatment. Fenestrae were
detected in a minimum of six different STED images captured from at least three different cells from three different experiments. The
x axis values represent bin centers. Error bars correspond to SD. (C) Average number of fenestrae per unit of cell surface (0.01 pm?).
Statistical difference was evaluated using the unpaired Mann-Whitney 7 test with a 2-tailed P value; *P < 0.05. Error bars represent

SD. Abbreviation: D, day.
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devoid of fenestrae. Interestingly, we were able to
re-create fenestrae in 6-day-long cultured dedifferen-
tiated cells (Fig. 1A). We validated these data using
SEM and TEM microscopy (Supporting Fig. S2).
Depending on the experiment, the percentage of
cells that are able to re-create fenestrae varies from
40% to 70%. This is probably due to the cell isola-
tion process and/or cell heterogeneity. Representative
images of experiments performed more than 20 times
using 40 livers are shown in Fig. 1. Using images
obtained from STED microscopy, we quantified the
size and number of fenestrae per unit of cell surface
in different conditions (Fig. 1C). After cyto D treat-
ment on day 1, we noticed an increase in the number
of total fenestrae while cell area remained unchanged.
On day 6, a majority of fenestrae had a diameter of
<125 nm, whereas fenestrae on day 1 with or with-
out cyto D treatment were slightly larger (diameter
mainly between 125 and 175 nm). Surprisingly, de
novo-formed fenestrae on day 6 were more numerous

per unit of cell surface (Fig. 1C).

F-ACTIN ORGANIZATION
DURING FENESTRAE INDUCTION
FOLLOWING CYTO D
TREATMENT

In parallel, we analyzed the cytoskeleton under
the different conditions. We confirmed that the actin
and tubulin cytoskeletons completely reorganize
during the dedifferentiation process. We noticed a
linearization of the microtubules associated with an
increase of actin stress fibers along the LSEC culture
(Supporting Fig. S3). At the cell scale, we noticed
that cyto D treatment had reset the actin and tubulin
organization observed in differentiated LSECs on day
1 (Supporting Fig. S3).

To fully understand the role of the actin cytoskel-
eton in this model, we combined two approaches,
TEM and two-color STED microscopy. TEM
revealed the presence of a clearly defined and dense
cytoskeleton ring surrounding fenestrae on day 1 (Fig.
2A). Under cyto D treatment, F-actin is depolymer-
ized, resulting in the destabilization of the majority
of stress fibers (Fig. 2B). As described above, fenes-
trae appeared to be more numerous. In high-magni-
fication TEM, we could still observe a less defined
cytoskeleton ring surrounding each fenestrae (Fig.
2B). In this condition, STED microscopy showed a
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maintenance and clear distribution of actin staining
surrounding fenestrae. On day 6 in untreated cells,
tfenestrae disappeared and numerous actin stress
fibers were observed using confocal, STED, or TEM
techniques (Fig. 2C). Following cyto D treatment, de
novo-formed fenestrae appeared without a surround-
ing cytoskeleton ring (Fig. 2D). It is important to
note that even though there is no ring in TEM pic-
tures, phalloidin staining is still present in re-formed
fenestrae. As described earlier (Fig. 1B), fenestrae
were smaller and more numerous compared to day
1 fenestrae. All these observations suggest that even
if actin is not required for fenestrae formation, the
presence of a complete cytoskeleton ring may con-
trol the diameter of fenestrae.

Discussion

LSEC fenestrae are important structures for liver
physiology, and their loss is involved in several liver
pathologies.(lz) Recently, we demonstrated that STED
microscopy was suitable for LSEC fenestrae observa-
tion.® Using this methodology in combination with
TEM and an in vitro LSEC dedifferentiation model
that mimics capillarization observed in vivo, we tested
actin cytoskeleton involvement in fenestrae formation.
We revealed that the cytoskeleton is closely associ-
ated with fenestrae and is organized in a dense ring
surrounding them. Cyto D short-term treatment
mainly removes large stress fibers, which were formed
during LSEC dedifferentiation, and allows fenestrae
re-formation. On day 6 after isolation, new fenestrae
appeared with a smaller diameter following cyto D
treatment. Interestingly, we noticed that LSECs are
resistant to cyto D treatment compared to other endo-
thelial cells. Indeed, human umbilical vein endothelial
cells treated under the same conditions exhibit com-
plete cell retraction (data not shown). TEM reveals
the absence of a cytoskeleton ring around these new
tenestrae. However, it is important to note that even if
no ring is present in TEM pictures, phalloidin staining
is still present in re-formed fenestrae. These observa-
tions support the idea that actin is a component of the
cytoskeleton ring and drives the regulation of fenes-
trae diameter. After cyto D treatment at day 6 and in
consequence to the absence of the cytoskeleton ring,
the fenestrae average diameter was lower, so a higher
number of fenestrae could be formed in the same area.
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CONFOCAL
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FIG. 2. Actin distribution in LSECs following cyto D treatment. (A-D) Representative confocal (low magnification, left columns)
and STED (high magnification, middle columns) images of fenestrae (green, CellMask) and F-actin (red). The lower panel shows
overlay of both stainings. The right column corresponds to increasing magnification views of a representative TEM image. Scale bars
represent 10 pm and 1 pm, respectively, for confocal and STED images. Scale bars represent 200 nm, 100 nm, and 50 nm from upper
to lower TEM images, respectively. (A) Untreated differentiated LSECs after 1 day of culture. Arrowheads point to dense ring-like
element surrounding fenestrae in TEM image. (B) LSECs (day 1) after cyto D treatment, illustrating stress fiber loss. Arrowheads
in TEM image indicate a low-density ring surrounding fenestrae. (C) Untreated dedifferentiated LSECs (day 6 of culture). TEM
images illustrate presence of long fibers but not ring-like shapes. (D) Images of dedifferentiated LSECs (day 6) after cyto D treatment,
illustrating stress fiber loss. Arrowheads in lower right TEM image point to a low-density and irregular layer surrounding fenestrae.

Our data suggest the coexistence of at least two dif-
ferent actin networks, one very sensitive to cyto D that
forms stress fibers and a second one more resistant to
the drug, possibly due to the formation of a complex
network with other proteins that support fenestrae.
Actin stress fibers seem to be incompatible with fenes-
trae formation. These structures could prevent contact
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between upper and lower cell membranes and thus
prevent their fusion. These observations emphasize
the importance of identifying the exact composition of
the cytoskeleton ring and molecules involved in mem-
brane fusion. Identification of such a mechanism will
also help us to understand how to control fenestrae
opening and to design drugs that could slow down the
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fibrosis progression or promote fibrosis reversion.?”

Indeed, after chronic injury, such as viral hepatitis
or alcoholic disorder and nonalcoholic steatohepati-
tis, the liver develops fibrosis. Fibrosis is a slow pro-

cess promoting an extracellular matrix accumulation,

resulting in a general increase in organ stiffness. Y

The progression of the disease leads to cirrhosis and
ultimately to hepatocellular carcinoma.®? Fenestrae
loss is an early event in this pathology, and control of
the fenestrae aperture could be an important element
to help reverse the fibrosis process.
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